Microgels based on poly(vinyl alcohol), PVA, grafted with methacrylate side chains, MA, incorporating N-isopropylacrylamide, NiPAAm, monomer, were prepared by water-in-water emulsion polymerization method. These systems exhibit a spherical shape and a volume-phase transition, that is, shrinking, below physiological temperature. The behavior of these microgels were studied with respect to their average size and size distribution, swelling, and release properties. It was observed that the stirring speed is a key parameter for controlling the amount of incorporated NiPAAm, the particle size and the sharpness of the volume-phase transition. The volumephase transition temperature, VPPT, of the microgels was evaluated around 38 and 34°C for microgels with a NiPAAm/methacrylate molar ratio of 0.8 and 2.4, respectively. Water uptake increased with the amount of NiPAAm monomer present in the polymer network. In vitro biocompatibility of microgels was assessed with respect to NIH3T3 mouse fibroblasts. O-Succinoylated microgels were loaded with doxorubicin by exploiting the favorable electrostatic interaction between negatively charged microgel surface and positively charged doxorubicin. The drug release was influenced by the microgels surface/volume ratio. At physiological temperatures, above the VPTT exhibited by these systems, the release was enhanced by the specific area increase. This study provides the background for the design of an injectable device suitable for the controlled delivery of doxorubicin based on the volume-phase transition of microgels.
Introduction
Fast response to external parameters is what makes a system "intelligent". 1, 2 Design of the properties and functions of devices sensible to external gradients involves a number of different structural and dynamic parameters. 3 In the case of polymer hydrogels, the main contribution to the response is a volume transition that can be triggered by pH, ionic strength, and temperature. [4] [5] [6] [7] Responsivity to these stimuli are largely amplified by the connectivity characterizing a chemically cross-linked hydrogel. The presence of fixed and ionizable charges in the polymer network makes possible the triggering by pH and ionic strength, whereas the temperature transition is caused by the presence of residues displaying a thermally sensible behavior in the polymer network due to the interpolymer chain association through hydrophobic interaction. Focusing on networks featuring this latter effect, the choice of possible monomers to use as building blocks of the responsive polymer network is greatly limited by environment and temperature conditions in which the device is designed to function. When responsivity is combined with a high value of specific surface, exchange processes will be largely enhanced. 4, [8] [9] [10] [11] This can be achieved by colloidal microdevices such as microgels, where a favorable large surface/volume ratio can enhance the bioavailability of the drug playload. 12 The microgel particles are designed as injectable drug deliverable systems for parenteral administration. For this kind of application, requirements are the nano/micro overall size and a large water volume fraction to preserve the conformational state of the drug payload. [8] [9] [10] [11] 13 The interaction with cells is one of the processes occurring as soon as the microgels are injected in the bloodstream. 14 Devices based on soft matter are attractive because of their unique chemical and physical versatility for conjugating molecules able to promote adhesion to targeted cells and to allow local drug delivery. However, this suitability is counterbalanced by the general requirements involving biocompatibility of the material used for designing the sphere microgels.
The use of NiPAAm as a key monomer for assigning thermal responsivity to the network has been often made. The lower critical solution temperature, LCST, occurring in poly(NiPAAm) aqueous solution around 32°C, 15 is at the base of a volumephase transition displayed in hydrogels containing cross-linked poly(NiPAAm) and has been used to design the organic component in hybrid devices incorporating quantum dots. 16 Recently, the structure of poly(NiPAAm) microgels in aqueous suspensions has been determined. 17, 18 The dynamics of the polymer chains around the transition temperature 19 and of the solvent confined in the network 20 have been investigated by incoherent quasi elastic neutron scattering and by NMR 1 H spin-spin relaxation time measurements, respectively.
The temperature transition is influenced by factors as pH, ionic strength, and presence of comonomers. However, in many cases, VPTT is close or coincident with physiological temperature conditions. 21 This background suggests that loaded nano/ micro systems could undergo significant size changes with an efficient release of the drug payload making microgels attractive for the design of injectable devices with tailored features.
Our previous experience in fabrication of microgels 22 with good colloidal stability based on a methacryloyl-derivatized poly(vinyl alcohol) network 23 by water-in-water microemulsions provided the background for incorporating NiPAAm in the * To whom correspondence should be addressed. E-mail: paradossi@ stc.uniroma2.it.
network to obtain thermal responsivity to the resulting microgels. It should be stressed that this water-in-water microemulsion polymerization has the remarkable advantage to use nontoxic chemicals throughout the synthesis. This assures that the resulting microgels will not release harmful molecules during their functioning. Moreover, the use of a poly(vinyl alcohol), PVA, based drug delivery microgels should allow for a low, if any, cytotoxic impact on cells.
We addressed this work to the design of smart, that is, stimuliresponsive, drug delivery microgels, testing their biocompatibility and ability to control the drug release with an anticancer case molecule as doxorubicin.
Thermal response of the microgels can also be considered for the design of nano/micro temperature sensors as it will be illustrated in a next paper. Here we focus on the structural and thermal features of PVA/Poly(MA m NiPAAm n ) microgels.
Experimental Section
Materials. N-Isopropyl acrylamide (NiPAAm), purchased from Aldrich chemicals, was recrystallized in n-hexane prior to use. All other chemicals were used as received. Poly(vinyl alcohol) with number and weight average molecular weights of 30000 ( 5000 and 70000 ( 10000 g/mol, respectively, dextranT40 and blue dextran, with a number average molecular weight of 35000-40000 and 2000000 g/mol respectively, succinic anhydride and phosphate-buffered saline (PBS) were purchased from Sigma.
4-(N,N-Dimethylamino) pyridine (DMAP), glycidylmethacrylate (GMA), and fluorescein isothiocynate isomer 1 (FITC) were Fluka products. Photoinitiator 2-hydroxy-1-[4-(hydroxyethoxy)phenol]-2-methyl 1-propanone (Irgacure 2959) was purchased from Ciba.
Dimethyl sulfoxide (DMSO), inorganic acids, and bases were RPE grade products supplied by Carlo Erba.
Dulbecco's modified Eagle's medium (DMEM), L-glutamine 200 mM, and penicillin/streptomycin solution, at a concentration of 10000 U/mL and 10 mg/mL, respectively, were purchased from HyClone. Fetal bovine serum and MTT (3-(4,5-dimethylthyazol-2-yl)-2,5-diphenyltetrazolium bromide) were Sigma products.
Water was Milli-Q purity grade (18.2 MΩ · cm) produced with a deionization apparatus (PureLab) from USF, Elga. Dialysis membranes (cut off 12000 g/mol) were purchased from Medicell International Ltd. and prepared according to standard procedure.
Methods. Synthesis of Poly(Vinyl alcohol)-methacrylate (PVA-MA)
. PVA was grafted with glycidylmethacrylate according to the procedure described elsewhere. [24] [25] [26] Briefly, 10 g of PVA was dissolved in 250 mL of DMSO at 70°C. After complete dissolution of PVA, the flask was cooled to room temperature, and then 5 g DMAP was added under N 2 flux. After 1 h, a known amount of GMA was added in the proper molar ratio with respect to polymer repeating unit. The reaction was carried out at room temperature in darkness with stirring and stopped after 48 h by neutralizing the solution with an equal molar amount of HCl with respect to DMAP. DMSO was replaced with water by exhaustive dialysis. The sample was stored as a freeze-dried powder. After methacryloyl grafting, the degree of substitution (DS) was determined by 1 H NMR analysis. 24 For microgel preparation, a sample with DS 4.7%, hereafter labeled PM5, was used throughout this study.
Preparation of Microgels. Microgels based on PM5 were prepared, adapting a procedure originally introduced by Franssen and Hennink, 22, 27 which employs a water-in-water emulsion technique based on polymer-polymer immiscibility in aqueous solutions. In a typical experiment, an aqueous dispersion containing dextran T40 at a concentration of 16% (w/v), PM5 at 2% (w/v), and the UV photoinitiator Irgacure 2959 at 0.3% (w/v) was vigorously stirred by an UltraTurrax at 8000 rpm. After emulsification, PM5 in the dispersed phase was cross-linked by photopolymerization using a 365 nm light source at an intensity of 7 mW/cm 2 for 5 min. NiPAAm monomers, present in both aqueous phases, were cross-linked in the PM5 containing phase because of the availability of vinyl moiety grafted to PVA chains. The cross-linked PVA/Poly(methacrylate-co-N-isopropyl acrylamide) microgels were purified by repeated steps of centrifugation and resuspension in Milli-Q water. Microgels prepared at 8000 and 16000 rpm will be hereafter labeled PMN-I and PMN-II, respectively. Microgels prepared at 8000 rpm following this procedure in the absence of NiPAAm 22 will be labeled PM-I. Preparation of NegatiVely Charged Microgels. Details on the preparation of negatively charged PM-I type microgels has been already reported 22 and was also applied to PMN-I and PMN-II. Typically, 1 g of PMN microgels and 0.5 g DMAP were suspended in 25 mL of anhydrous DMSO and stirred under N 2 flux. After 1 h, succinic anhydride (0.25 g) was added, keeping the suspension at 40°C for 48 h under a nitrogen atmosphere. The reaction was stopped by neutralization and the suspension was dialyzed against Milli-Q water. The degree of O-succinoylation of the microgels, determined by potentiometric titration, was 10 ( 2 mol % with respect to PVA repeating units.
Determination of the Morphology and Size Distribution of Microgels. Freeze-dried PMN-I and PMN-II microgels were first immersed in Milli-Q water at room temperature to reach their equilibrium state. Then, the swollen microgels were labeled with FITC by coupling the dye to PVA hydroxyl group. 28 Fluorescent dye at a concentration of 10 µM was added in the dispersion. The excess dye was removed by repeated washings with Milli-Q water, and CLSM observations were performed using a confocal laser scanning microscope (Nikon PCM 2000, Nikon Instruments, Japan) with a 60×/1.4 oil immersion objective. The 488 nm line of 100 mW argon ion laser was used for sample fluorescence excitation of PMN-I and PMN-II microgels. Images were collected with a pixel size of 0.414 µm using the entire field of 512 × 512 pixels. Microgels average diameter and standard deviation were determined over a set of 100 and 200 microgel images of PMN-I and PMN-II, respectively, using ImageJ software package (http://rsb.info.nih.gov/ij/).
ThermoresponsiVeness of Microgels. Thermoresponsiveness of PMN-I and PMN-II microgels was evaluated by dynamic light scattering (DLS) method, using a BI-200SM goniometer (Brookhaven Instruments Co.) equipped with a laser source at 532 nm, coupled with a temperature controller. The temperature was controlled from 20 to 43°C. The autocorrelation functions were analyzed with the CONTIN algorithm.
Fourier Transform Infrared Analysis. Freeze-dried samples of PMN-I and PMN-II microgels were analyzed in nujol by using an FT-IR spectrophotometer NEXUS THERMO Nicolet.
Elemental Analysis. Elemental analysis was carried out on freezedried microgels by using a Thermo Finnigan Flash Elemental Analyzer-1112 instrument.
Differential Scanning Calorimetry (DSC). Volume phase transitions temperature of the PMN-I and PMN-II were examined using a TA Q2000 differential scanning calorimeter. Known amounts of dry microgels were equilibrated in Milli-Q water at room temperature to reach the maximum swelling and centrifuged to eliminate the excess of water. An exactly weighted amount of slurry, about 10-15 mg, was placed inside an aluminum pan and then hermetically sealed with an aluminum lid. The scans were performed from 25 to 55°C on the swollen microgels at a heating rate of 3°C/min under a flux of 50 mL/min of dry nitrogen.
Swelling Kinetics of Microgels. The swelling kinetics of PM-I, PMN-I, and PMN-II microgels were studied applying the method outlined by Hennink et al. 29 In a typical swelling experiment, 10 mg of dry microgels were immersed in 2 mL of 7 × 10 -5 M blue dextran solution. The concentration of blue dextran at time t (min), C t , was monitored by measuring the absorbance at λ ) 620 nm by JASCO 7850 double beam UV-vis spectrophotometer. The water uptake by dry microgels (W) was determined as
where V i is the initial volume of blue dextran solution (mL), BD is the initial molar amount in the blue dextran solution in the presence of microgels, and a is the amount of dry microgels (g).
Doxorubicin Loading. In a typical doxorubicin (DOXO) loading experiment, 10 mg of freeze-dried O-succinoylated microgels was suspended in 3 mL of aqueous DOXO at a concentration of 1.70 × 10 -4 M and left for 12 h under gentle stirring. Then microgels were centrifuged and the absorbance of supernatant was measured at 485 nm with a JASCO 7850 double beam UV-vis. Determination of the DOXO payload was based on a molar extinction coefficient value of
. Finally, DOXO-loaded microgels were freezedried for release studies.
Doxorubicin Release Kinetics. Typically, 10 mg of freeze-dried DOXO loaded microgels immersed in 3 mL of PBS solution at a controlled temperature of 20 and 37°C. At regular times the supernatant from each sample was removed after centrifugation and replaced with the same amount of fresh PBS solution. DOXO release was monitored by measuring the time dependence of the absorbance at 485 nm. Release behavior was analyzed in terms of cumulative ratio (%) of released DOXO.
NIH3T3 Mouse Fibroblasts Culturing. NIH3T3 mouse fibroblasts were purchased from Istituto Zooprofilattico Sperimentale della Lombardia e dell'Emilia Romagna "Bruno Umbertini", Brescia, Italy. The cells were maintained in complete medium consisting of DMEM supplemented with 2 mM L-glutamine, 10% heat-inactivated fetal bovine serum, and 1% antibiotic mixture, consisting of 100 U/mL of penicillin and 100 µg/mL of streptamycin. Cells were cultured in a humidified 5% CO 2 atmosphere at 37°C. The fibroblasts were plated at known concentration in 24-well plates and let adhere for 24 h before use.
MTT (Methylthiazole Tetrazolium) Cytotoxicity Assay. The MTT assay 30 provides a quantitative determination of viable cells. NIH3T3 mouse fibroblasts were seeded at a density of 50000 cells per well into 24 well plates and allowed to adhere for 24 h at 37°C in the presence of 5% CO 2 . After 1 day, cells were incubated with microgels for 4, 8, and 18 h in serum-free media. Cytotoxicity was assessed by MTT assay. MTT solution was added to a final concentration of 0.5 mg/mL to each well and incubated for 4 h at 37°C. The formazan crystals formed as byproduct of MTT reaction with cells were dissolved in 200 µL of DMSO, and absorbance was recorded at 570 nm.
In Vitro Proliferation Studies. NIH3T3 mouse fibroblasts in exponential growth phase were washed, trypsinized, and resuspended in serum-free medium. Each well contained approximately 50000 cells and incubated for 24 h during which a monolayer was partially formed. The cells were than exposed to various quantities and types, typically 25 and 50 µg of microgel suspension in 0.5 mL of complete medium, and the plates were incubated at 37°C, 5% CO 2 , for 1, 3, and 7 days. At the end of each day, MTT solution was added to a final concentration of 0.5 mg/mL in each well and incubated for 4 h at 37°C. The formazan crystals formed as byproduct of MTT reaction with cells were dissolved in 200 µL of DMSO and absorbance was recorded at 570 nm.
For both cytotoxicity and proliferation studies, microgels were sterilized in 70% EtOH for two days and then equilibrated in sterile PBS. In these experiments the absorbance values of DMSO/formazan solutions were converted into the corresponding number of cells by means of a linear calibration by carrying out the MTT test on a known number of cells (typically 50000).
Results and Discussion
Water-in-water microemulsion has been proven to be a handy and safe approach to provide microgels based on polymer incompatibility. 27, 31 We have used this method for the obtainment of microgels able to control the release of doxorubicin to tumor cells. The addition of NiPAAm as comonomer in the emulsion at room temperature was attempted to copolymerize this molecule with the methacryloyl side chains of the grafted PVA, PM5, to impart temperature sensitivity at physiological conditions to the PVA-based microgels (Scheme 1).
As starting material, we used PVA with a methacryloyl substitution of 5%, PM5, determined by 1 H NMR spectroscopy.
Due to the low solubility of the polymer in water, higher degrees of substitution could not be used.
NiPAAm was added in the water-in-water emulsion under high shear stirring, and incorporation in the PM5 containing phase was carried out by photopolymerization with UV irradiation in the presence of Irgacure 2959.
The incorporation of NiPAAm in PMN-I and PMN-II microgels was detected by FT-IR spectroscopy (Figure 1 ). Peaks at 1645 and 1545 cm -1 due to amide I and amide II, respectively, are present in the NiPAAm containing samples, whereas a peak at 1706 cm -1 showed the presence of the ester group common to all the samples, that is, PMN-I, PMN-II, and PM-I, due to the methacryloyl-substituted PVA.
Elemental analysis confirmed the incorporation of NiPAAm in the polymer network and showed that the amount of crosslinked NiPAAm was dependent on the shear stirring rate, as summarized in Table 1 . At a stirring speed of 8000 rpm, and 16000 rpm the amount of NiPAAm incorporated in the microgels was 0.8 and 2.4 per moles of methacrylate moiety, respectively, regardless of the initial NiPAAm monomer content in the emulsion, indicating a saturation effect of NiPAAm solubility within the PM5 rich phase. An increase in the stirring speed is relevant in determining the amount of incorporated NiPAAm as a higher sheer stirring corresponded to an increase of the NiPAAm content in the network (see Table 1 ). The more efficient monomer embodiment in the vinyl rich phase when the stirring speed is higher is probably due to the larger specific surface available in this condition.
In Figures 2a,b and 3a ,b particle size and size distribution of microgels were studied by confocal laser scanning microscopy, CLSM. PMN-I and PMN-II microgels showed diameter values around 4 and 1.6 µm, respectively, with a relatively narrow size distribution. The size of the microgel particles strongly depended on stirring speed: by increasing the stirring speed from 8000 to 16000 rpm, the size of the microgels decreased by 50% due to the breaking down of the larger droplets of the dispersion.
The dynamic light scattering (DLS) autocorrelation functions of the scattered intensity of microgel aqueous dispersions were studied in order to assess the hydrodynamic diameters of PMN-I and PMN-II particles as well as their size distribution. In Table  2 the dependence of the average particle size from the shear rate applied to the emulsion during the photoinitiated crosslinking reaction is summarized.
The analysis of the DLS correlation functions of PMN-I microgel by means the cumulants method, revealed the presence of a not negligible population of particles with diameter of 8 ÷ 10 µm. We exclude that this contribution was due to the presence of hydrogel debris in the dispersion. As shown in Figure. 2a, irregularly shaped polymeric particles are not present in PMN-I aqueous dispersion. Moreover, the tailed shape of the size distribution of PMN-I were also confirmed by the CLSM analysis, see Figure. 2, b.
On the other hand, the microgels PMN-II, prepared at higher shear stirring, that is, 16000 rpm, showed a smaller average size with limited tailing of the distribution.
From this analysis we assessed the relevant effect of the stirring speed on the size of the microgels and, therefore, the possibility to tailor the particle dimensions by applying the proper shear rate to the emulsion. Moreover, the results concerning the average diameter and the narrow size distribution open the possibility of using microgels as injectable drug delivery system.
The temperature sensitivity of PMN-I and PMN-II microgels was studied by performing a DLS investigation of the particles dimensions as a function of temperature. The study of changes in the size distribution of PMN-I with temperature, reported in Supporting Information, clearly showed that the small fraction of microgels constituting the tail of PMN-I distribution is not temperature responsive. However, microgels included in the D h ( σ size range and representing about 80% of the overall PMN-I sample population were thermally sensible (see Supporting Information).
Selecting only this population, the temperature dependence of the average hydrodynamic diameter was determined as shown in Figure 4 , evaluating the midpoint of the DLS average diameters versus temperature curves as the volume-phase transition temperature, VPTT. According to this analysis, the transition temperature occurred at about 33°C upon heating and at 37°C upon cooling, with a hysteresis of about 4°C. The temperature dependence of the size distribution of PMN-I microgel particles population sensible to temperature is reported in Supporting Information at room temperature and 43°C. The thermal behavior of PMN-II was homogeneous over the whole microgel sample. The volume-phase transition of PMN-II occurred at temperature of 33°C without detection of hysteresis behavior. As summarized in Table 3 , PMN-I and PMN-II displayed a decrease in size by increasing the temperature with a larger value of the shrinking ratio for the network, PMN-II, containing a higher amount of NiPAAm.
PMN-II size distribution at room temperature and at 43°C, obtained by CONTIN analysis of the DLS correlation functions, is shown in Figure 5 .
The volume-phase transition was accompanied by a heat effect clearly detected by differential scanning calorimetry (DSC). PMN-I and PMN-II slurries exhibited endothermic peaks with maxima corresponding to temperatures of 38 and of 34°C
, respectively ( Figure 6 ). According to DLS, at these temperatures the volume-phase transition was nearly completed. The DSC behavior of poly(vinyl alcohol)/poly(methacrylateco-N-isopropyl acrylamide) network depends from factors as the chemical composition and the distribution of the NiPAAm monomer with respect to PVA chains and by the balance between the hydrophobic/hydrophilic residues in the polymer network. In monolithic hydrogels reported by Feil et al., 33 the presence of hydrophilic moieties in polymer networks containing NiPAAm caused an increase of the LCST value in comparison with the value found with poly (NiPAAm).
For our microgels, the enthalpy change related to the volume phase transition was 14.6 and 13.2 J/g of NiPAAm for PMN-I and PMN-II, respectively, in agreement with DSC results of poly(NiPAAm-co-methacrylic acid) macroscopic hydrogels. 34 The swelling kinetics of PMN-I and PMN-II microgels at room temperature were compared with the time dependence of PM-I microgels swelling. In Figure 7 , the degree of swelling, W, is reported as a function of time.
The data can be described by a swelling process with a second-order kinetics
Integration with respect to time of eq 1 yields
It is important to stress the heuristic meaning of eqs 1 and 2 as they refer to the swelling, a complex process made of several microscopic steps involving hydrogen bonding, rearrangements and disentanglements of chains, and solvent penetration. Equation 2 offers a satisfactory fit of the swelling data, with a higher value of W ∞ for PMN-I and PMN-II compared to PM-I, and it allows the evaluation of the amount of water uptake at equilibrium, W ∞ , and of the observed rate constant of the process, K. Table 4 summarizes the relevant parameters of the swelling kinetics of PM-I, PMN-I, and PMN-II. The difference in water uptake between PMN-I and PMN-II microgels was not significant. On the other hand, PMN-I and PMN-II, W ∞ , was higher than for PM-I. This can be explained considering that poly(NiPAAm) is a water-soluble polymer exhibiting a disordered extended chain conformation below LCST and allowing the microgel to bind more water molecules, resulting in a greater water uptake. 36 However, as indicated by the specific rate constants of PMN-I and PMN-II, water penetration in these networks was slower compared to the PVA/ poly(methacrylate) network due to the higher amount of heterogeneities of the NiPAAM containing networks.
To investigate the influence of the temperature on the release properties of PMN-I and PMN-II microgels, the networks were loaded with doxorubicin, one of the most common anticancer drugs. To optimize the cargo payload, we adopted the same strategy used for PM-I microgels, 22 conjugating succinoyl groups to the hydroxyl moiety of the microgel. In this way, PMN-I and PMN-II microgels were functionalized with a 10% of O-succinoylation with respect to PVA repeating units. This substitution provided a negative charge density, favoring the adsorption of doxorubicin molecules bearing positively charged amine groups at physiological pH. The loading was accomplished by suspending the microgels in an aqueous solution of doxorubicin. Loaded microgels were stored as freeze-dried powder. In PBS medium succinoylated PMN-I and PMN-II microgels released DOXO as described in Figure 8 . A loading capacity of about 90% of the microgels dry weight was determined. This results was used for the evaluation of the cumulative release of DOXO (see below).
For both types of microgels, the amount of released drug after 60 min at room temperature was 40 and 45% for succinoylated PMN-I and PMN-II, respectively, indicating a more efficient drug release at equilibrium for the system having the higher specific surface. This difference increased markedly at 37°C where the cumulative release at equilibrium is 65% against 50% in favor of succinoylated PMN-II. At this temperature, both types of microgels completed the volume-phase transition and the larger release of doxorubicin exhibited by PMN-II corresponded to a more pronounced shrinking effect occurring in this system (see Table 3 ). The DOXO release by succinoylated PMN-I and PMN-II was directly related to the swelling state of microgels, rather than to skin formation effect. 37 Only in gels phases containing more than 90% NiPAAm, skin formation can function as a rate controlling factor of the exchange processes occurring at the gel surface. 37, 38 The more efficient drug release exhibited by PMN-I and PMN-II at higher temperature was the result of the increased hydrophobicity of the microgel networks at 37°C, making less favorable the interaction with charged DOXO molecules and of the increase of the specific area due to the volume-phase transition occurring in both microgels when suspensions are brought from room to physiological temperature. At 37°C, the comparison of the releases by the two types of microgels suggests that the difference in the shrinking factor (see Table 3 ) again plays a key role as far as the release efficiency is concerned.
Considering that microgels have been designed for parenteral administration, the biocompatibility of this device was investigated by studying the viability and proliferation of NIH3T3 mouse fibroblasts in the presence of PM-I, PMN-I, and PMN-II microgels.
Cytotoxicity of microgels was assessed as a function of time and of particles concentration. NIH3T3 cells were seeded in DMEM and were cultured in the presence of different microcapsules amount (0, 5, 10, 20, 40, and 50 µg/well, each well containing 0.5 mL of suspension) for each type of microgels. Both assays were performed by MTT test consisting in the conversion of this reactant into water-insoluble formazan crystals by mitochondrial dehydrogenases of living cells.
NIH3T3 mouse fibroblasts incubated for 4, 8, and 18 h with different amounts of PM-I, PMN-I, and PMN-II microgels were tested by MTT assay to measure cell viability. As shown in Figure 9 , PM-I and PMN-I microgels did not influence the fibroblasts viability up to a concentration of 40 µg/well. A limited decrease in the viability was detected when cells were treated with PMN-I microgel at a concentration of 50 µg/well or with PMN-II microgel at all concentrations. Viability evaluations were performed with respect to the results obtained on cells incubated in the absence of microgels.
The proliferation activity of mouse fibroblasts was assessed by MTT test by incubating the cells with PM-I, PMN-I, and PMN-II microgels at concentrations ranging from 5 to 50 µg/ well for 7 days. As described in Figure 10 , the proliferation of NIH3T3 is not arrested regardless of the microgel type or quantity and it compares favorably with proliferation of same cells incubated in the absence of polymeric microgels. In vitro biocompatibility tests allowed to assess that the interaction with these devices does not perturb the vitality and the proliferative activity of mouse fibroblasts and can be considered as potential injectable devices for further investigations on their impact on cell materials and tissues.
Concluding Remarks
The results described here are promising for the design of a new class of injectable drug delivery system based on the biocompatible PVA modified with the incorporation of the NiPAAm monomer in the microgel polymer network. Combining features such as dimensions in the micro/nanosize region and thermal responsivity in physiological conditions is the main characteristic of the microgels studied in this work. Water-inwater microemulsion technique provided an advantageous method to fabricate "soft" microdevices with low, if any, cytotoxicity. Morever, this approach to cross-link and incorporate NiPAAm allows an efficient control of the particles size by choosing the proper stirring speed. We showed that emulsification applying a higher shear speed yields smaller microgel spheres with a better defined size distribution and with an enhanced temperature response.
The hydrophilic anticancer case drug doxorubicin (DOXO) was loaded into the microgels. The release of DOXO at 25°C (below LCST) was slower then at physiological temperature (above LCST), these results suggest that the DOXO drug release kinetics strongly depend on environmental temperature, the swelling, and the interactions of the loaded drug with microgels. Probable modulations in the behavior of differently modified thermoresponsive devices can be expected when surface charges or external molecules are included in the microgel network structure. However, in this work we were interested in the proof of concept concerning the possibility to use a handy and safe synthetic method as the "water-in-water" microemulsion polymerization to obtain thermoresponsive microgels spheres, tunable in size and in NiPAAm content.
This finding will lead us to design a microgel with implemented functionality by decorating the microgel surface with hyaluronic acid, a ligand of CD44 receptor, the membrane protein overexpressed in tumor cells. The modification of the microgels surface will increase the bioavailability of doxorubicin with a localized release of drug to the target cells. The same microgels represent a suitable platform for sensors functioning on fluorescence resonance energy transfer (FRET) effect, 39 on quantum dots technology, 16 and for magnetically responsive microactuators. 
